Abstract. Time-resolved diffuse X-ray scattering with 50 fs, 9.5 keV X-ray pulses from the Linear Coherent Light Source was used to study the structural dynamics in materials undergoing rapid melting and ablation after fs laser excitation.
Introduction
Ultrafast pulsed excitation of solids allows to create states of strong electronic excitation and high temperature and pressure. Subsequent to the initial deposition of energy a complex chain of secondary relaxation processes can lead to disordering/melting on very rapid time-scales, and often along unusual, non-equilibrium pathways. Here we report about experiments carried out at the Linear Coherent Light Source (LCLS), the world's first hard X-ray free electron laser, where we applied time-resolved diffuse X-ray scattering to study the structural response of materials undergoing rapid melting and ablation after excitation with intense fs laser pulses.
2 Time-resolved X-ray scattering at the LCLS Thin films (25 -100 nm thickness) of solid materials deposited onto free standing Si 3 N 4 -membranes, have been irradiated by 50 fs, 800 nm optical laser pulses at fluences sufficient to melt and ablate the material. Subsequently the scattering of a time-delayed 50 fs, 9.5 keV X-ray pulse from the LCLS has been observed in normal-incidence transmission geometry. The measurements covered a large range of scattering angles corresponding to a momentum transfer q = 4sin(2) from 0.04 Å-1 < q < 5 Å-1. Although the analysis presented in this paper is still preliminary, the scattering data provide information about the transient structural changes on different length scales. Laser-induced melting as well as the structural dynamics after disordering have been investigated for different classes of materials over wide time-and fluence ranges. This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 
Laser-induced melting and liquid phase dynamics
Fast fs laser-induced melting has attracted continuing interest for nearly three decades, both from a fundamental physics viewpoint as well as with respect to technological applications such as laserprocessing. Today there is experimental as well as theoretical evidence that under such extreme conditions some materials can melt (disorder) on sub-picosecond time scales along a non-thermal pathway, while others melt only thermally on a ps time-scale.
As an example we discuss here the melting dynamics in laser-excited Bi. Fig. 1a (left) shows in a false color representation the measured diffraction pattern I(q) as a function of pump-probe timedelay of a 25 nm Bi-film undergoing melting after excitation at a fluence of 25 mJ/cm 2 (note the logarithmic time-axis and the zero delay offset by 0.7 ps). . On the same time-scale a broad diffraction feature appears at 2.1 Å -1 , indicative of the formation of the disordered liquid state. Moreover, as can be clearly seen in Fig. 1b (right) the position as well as the shape of the liquid structure factor peak changes with time.
Femtosecond laser-induced ablation
Laser ablation describes the permanent removal of macroscopic amounts of material from a laserirradiated surface. For ablation induced by ultrashort laser pulses it is believed that subsequent to the initial fast heating and disordering rapid adiabatic expansion can push the material into metastable or even unstable regions of the state diagram leading to its disintegration and transition into a volatile state. However, the underlying processes are still not well understood and different ablation mechanisms like spallation, phase explosion and fragmentation have been invoked (i. e. [1] [2] [3] [4] [5] ).
We used time-resolved X-ray scattering at small scattering angles (0.04 Å -1 < q < 0.6 Å -1 ) to follow the formation of nm length scale inhomogeneities expected to occur during the ablation process. In agreement with these expectations and with our earlier experiments performed with much lower X-ray flux at the SPPS [6] we observe a strong transient small-angle scattering signal. Fig. 2 shows as an example data obtained on a 100 nm thick, laser-excited Au-film (Left side: Fluencedependencies for different delay times; Right: Time-dependencies for two different fluences).
The data presented in Fig. 2 exhibit two remarkable features: (1) The scattering signal at small scattering angles is only observed for fluences above a threshold value of F th = 0.5 J/cm 2 . This fluence coincides exactly with the ablation threshold (i.e. threshold for crater formation) as determined by a post-mortem analysis of the final structural modifications of the irradiated film. (2) The scattering signal is delayed with respect to the excitation and occurs after melting of the material. Moreover, the delay depends on excitation fluence, as evidenced by the time-dependent data presented in the right graph. For 2 J/cm 2 (well above threshold) the scattering signal can be observed only for delay times larger than 100 ps. For 0.75 J/cm 2 (close to threshold) it sets in much earlier ( 20 ps). In line with this we find that for early delay times (t = 100 ps) the small angle scattering is only observed for fluences in a limited range above threshold, while for later delays (t = 500 ps) it increases continuously with fluence. These observations give clear evidence that ablation is responsible for the appearance of the small angle scattering signal. However, the pronounced differences for low and high fluences indicate different ablation mechanisms in the different fluence regimes. To interpret our experimental data at lower fluences we refer to the results of recent molecular dynamics simulations [3] [4] [5] which have given evidence that close to the threshold the rapid adiabatic expansion puts the material under strong tensile stresses (negative pressure). When the tensile strength is exceeded the material simply tears apart. Therefore, ablation can be described as a spallation process and is of mechanical nature. Within this picture a very simple prediction can be made for the case of a homogeneously heated film (as in our experiment): Spallation will start when the two rarefaction waves propagating from the film boundaries into the film meet in its center, that is t spall = d/2c S (d: film thickness, c S : sound velocity). Using the known film thickness d = 100 nm and the published value of the sound velocity of liquid Au c S = 2.567 km/s [7] we calculate t spall = 19.5 ps, exactly what we measure in the experiment for the onset of the small angle scattering in the fluence regime close to the threshold. 04013-p.3
